We report the results of millimeter-wave molecular line observations of the Tornado Nebula (G357.7-0.1), which is a bright radio source behind the Galactic Center region. A 15 ′ × 15 ′ area was mapped in the J=1-0 lines of CO, 13 CO, and HCO + with the Nobeyama Radio Observatory 45-m telescope. The VLA archival data of OH at 1720 MHz were also reanalyzed. We found two molecular clouds with separate velocities, V LSR = −14 km s −1 and +5 km s −1 . These clouds show rough spatial anticorrelation. Both clouds are associated with OH 1720 MHz emissions in the area overlapping with the Tornado Nebula. The spatial and velocity coincidence indicates violent interaction between the clouds and the Tornado nebula. Modestly excited gas prefers the position of the Tornado "head" in the −14 km s −1 cloud, also suggesting the interaction. Virial analysis shows that the +5 km s −1 cloud is more tightly bound by self-gravity than the −14 km s −1 cloud. We propose a formation scenario for the Tornado Nebula; the +5 km s −1 cloud collided into the −14 km s −1 cloud, generating a high-density layer behind the shock front, which activates a putative compact object by Bondi-Hoyle-Lyttleton accretion to eject a pair of bipolar jets.
INTRODUCTION
The Tornado Nebula (G357.7-0.1) is a peculiar radio source toward the Galactic Center region. Its name arises from its unusual axially symmetric, elongated morphology (Shaver et al. 1985; . The radio emissions are apparently of non-thermal origin with a spectral index of −0.6 (Dickel et al. 1973; Slee & Dulk 1974) . Spatially, the Tornado Nebula consists of two parts; the "head" is a bright part in the northwest, and the "tail" is a faint part in the southeast. A compact source called the "eye," which is located approximately 30 ′′ north from the "head," appears to be a foreground object not associated with the Tornado.
The origin of the Tornado Nebula has long been unknown. A number of scenarios have been proposed, ranging from a Galactic object to an extragalactic object. Some scenarios are based on the head-tail structure of the Tornado, in which the activity center is located in the "head" (Weiler et al. 1980; Miley 1980; Shull et al. 1989) . Others are based on the bipolar structure; the driving source is centered at the midpoint of the nebula (Caswell et al. 1989; Manchester 1987) . From H I absorption measurements, the distance to the Tornado Nebula is constrained to be > 6 kpc (Radhakrishnan et al. 1972) .The detection of OH 1720 MHz maser emissions at the northern edge of the "head" indicates the association of a C-type shock, and its velocity leads a kinematical distance of 11.8 kpc, placing the Tornado Nebula in the category of Galactic objects (Frail et al. 1996) .
Recently, X-ray observations with the Suzaku satellite detected twin clumps of thermal plasma at both ends of the Tornado Nebula (Sawada et al. 2011) . The temperatures of these clumps are similar, 0.73 −2.3 kpc, respectively. In addition, they also found that molecular clouds are associated with each plasma clump, suggesting that the clumps have been formed by bipolar jets stopped by the molecular clouds.The putative bipolar jets might have been generated by a compact object that was previously active and has been dimmed for at least 40-50 years.
In this paper, we report the results of new millimeterwave molecular line observations and reanalysis of the VLA archival data of the OH 1720 MHz line toward the Tornado Nebula. On the basis of these new data sets, we discuss the formation mechanism of the Tornado Nebula along with the bipolar jet scenario.
OBSERVATIONS AND ANALYSES

Nobeyama Radio Observatory 45-m observations
We made observations of CO J=1-0 (115.271204 GHz), 13 CO J=1-0 (110.201353 GHz), C 18 O J=1-0 (109.782182 GHz), HCO + J=1-0 (89.188568 GHz), and N 2 H + J = 1-0 (93.173777 GHz) of the Tornado Nebula with the Nobeyama Radio Observatory 45-m telescope from March 1 to 10 in 2013. The typical system noise temperature during these observations was in the range of 200-400 K. All observations were made with the focal-plane array SIS receiver, BEARS (Sunada et al. 2000) , in the on-the-fly (OTF) mapping mode (Sawada et al. 2008) 
.125) was mapped to cover the full extent of the Tornado Nebula.The reference position was (l, b) = (+0
• , −1 • ). The antenna temperature was obtained by the standard chopper-wheel technique (Kutner & Ulich 1981) . The telescope pointing was corrected every hour by observing the SiO maser source VX Sgr and maintained at ≤ 3 ′′ . The 25 digital auto- -(a) Velocity-integrated map of 13 CO J=1-0 emission from −15 km s −1 to −13 km s −1 . White contours represent the 1.58 GHz radio continuum map which has been published by Shaver et al. (1985) , Becker and Helfand (1985) , and Helfand and Becker (1985) . The red cross denotes the position of the OH 1720 MHz maser spot. (b) Velocity-integrated map of 12 CO J=1-0 emissions over the same velocity range as in (a). (c) Smoothed broad-band X-ray image of the Tornado Nebula observed with the Suzaku satellite (Sawada et al. 2011) . The 1.58 GHz radio continuum contours are superposed. The band range displayed is 2.0-5.0 keV.
correlators were used as spectrometers in the wide-band mode, which has a 512 MHz coverage (1400 km s −1 at 110 GHz) and a 500 kHz resolution (1.4 km s −1 ). We scaled the antenna temperature by multiplying it by 1/η MB to obtain the main beam temperature, T MB . We used η MB = 0.45 ± 0.04 for 110 GHz.
The obtained data were reduced by using the NOSTAR reduction package. All the data were resampled onto a 7 ′′ .5 × 7
′′
.5 × 1 km s −1 grid to obtain the final maps. The rms noise level, ∆T MB , of the map was 0.66 K. Both CO lines were detected in almost the whole area. HCO + was detected only in some limited regions. N 2 H + emissions were not detected in these observations.
VLA archival data analyses
We obtained OH 1720 MHz data from the archives of the Very Large Array (VLA) of the National Radio Astronomy Observatory (NRAO). The observations of the Tornado Nebula had been conducted on June 24 and 18, 2000, in the C-and D-array configurations. The synthesized beam size was 40 ′′ × 23 ′′ . The OH 1720 MHz data were reduced with Common Astronomy Software Applications (CASA) developed by the NRAO. We used CLEAN as a deconvolution algorithm. The parameters for CLEAN were set as γ = 0.1, and I th = 250 mJy, where γ is the gain factor, and I th is the threshold intensity. The grid spacing of the map was 15 ′′ × 15 ′′ × 1 km s −1 .The rms noise level of the map was 98 mJy/beam. Figure 1 shows the distributions of 13 CO and 12 CO J=1-0 emissions toward the Tornado Nebula near the velocity of −14 km s −1 , at which a compact OH 1720 MHz maser spot had been detected (Frail et al. 1996) . We detected CO lines from more than ∼ 2/3 of the mapping area.
The widespread CO distribution consists of several clumps. The most intense emission originates from the center of the "head" of the Tornado Nebula at (l, b) = (−2.
• 35, −0.
• 10). This corresponds to "MC1" in Sawada et al. (2011) . Both the position and velocity of this component coincide with those of the OH 1720 MHz maser spot (Frail et al. 1996) . Thus, this component should be associated with the Tornado Nebula. While this component appears as a clump with a ∼ 0
• .02 diameter in the 12 CO map, it has an arc-shaped appearance with a ∼ 0
• .04 diameter in 13 CO. A fluffy component in the bottom-left of the 12 CO map corresponds to "MC2" (Sawada et al. 2011) . However, there are no strong emissions in the same area of the 13 CO map (Fig. 1a) .
In addition to "MC1", two 13 CO components at (l, b) = (−2 (Fig.2b-d ). In addition to this velocity component at -14 km/s, toward which the OH maser spot was reported, we also see several 13 CO clumps in higher velocity channels.A small clump, which did not appear in Fig. 1a -b, is detected in the bottom of Fig. 2e . In positive LSR velocities, there are two 13 CO components adjacent to the Tornado Nebula. One is in the left side, and another is detected in the upper side of the Tornado Nebula. These positivevelocity components seem to be spatially anti-correlated with the Tornado Nebula and with the negative-velocity components. Figure 3 shows the longitude-velocity map of 13 CO J=1-0 emissions integrated over latitudes from b = −0
Longitude-velocity map
• .12 to −0
• .06. The same map of OH 1720 MHz emissions is superposed. This map indicates that the 13 CO emission components toward the Tornado Nebula are roughly classified into two velocity groups. Each group of emission components seems to form a loosely bound molecular cloud. Velocity ranges of these clouds are −17 km s −1 to 0 km s −1 and 0 km s −1 to +15 km s −1 , whereas the most prominent components appear at clouds. Each map is integrated over −17 km s −1 to 0 km s −1 and 0 km s −1 to +15 km s −1 , respectively. Integrated intensity maps of the OH 1720 MHz for the same velocity ranges are shown in Fig. 4c and d. In these two maps, the 13 CO J=1-0 maps are superposed. The −14 km s −1 cloud has a fluffy appearance, whereas the +5 km s −1 cloud is particulaly compact. HCO + J=1-0 line emissions are detected only in the region of the +5 km s −1 cloud and the point at which the OH 1720 MHz maser was detected. These 13 CO clouds show clear spatial anti-correlation with each other.
The OH 1720 MHz emissions from the both -14 km/s and +5 km/s clouds seem spatially well correlated to the Tornado nebula, especially to the "head" part of the nebula. It is known that OH 1720 MHz emissions are enhanced in a region where a C-type shock has just passed (Elitzur 1976; Lockett et al. 1999) . Figures 4c and d show that the OH 1720 MHz emissions are bright in the overlapping regions of the 13 CO and the Tornado for the both velocity components. Hence, these OH emissions are likely to trace the region violently interacting with the Tornado Nebula.
The +5 km s −1 component corresponds to the +5 km s −1 13 CO cloud, whereas the −12 km s −1 component is not strongly correlated with the −14 km s −1 13 CO cloud. Although another velocity component at V LSR = −34 km s −1 is detected, this component has a CO counterpart, which may belong to the Norma Arm (Sofue et al. 2006 ).
DISCUSSION
Excitation temperature distribution
Here, we refer to the excitation temperature to investigate the physical relation between the Tornado Nebula and adjacent molecular clouds. The CO excitation temperature (T ex ) was calculated by the following procedure (Oka et al. 1998) .
The observed radiation temperature can be expressed as
where f is the beam filling factor of the emitting region,
, T ex is the excitation temperature between the upper and the lower levels of the transition, T CMB is the cosmic microwave background temperature, and τ is the optical depth of the line. The optical depth of the line can be estimated from the ratio of 12 CO and 13 CO intensities,
where
We assumed (1) assuming that the beam filling factor is unity (f = 1).
We calculated T ex for data points where both 12 CO and 13 CO lines are detected over 1σ significance. We obtained the T ex data cube with 7 ′′ .5 × 7 ′′ .5 × 1 km s −1 grid spacing. T ex was successfully calculated for 16% of all data points. Calculated T ex values are lower limits because the beam filling factor is usually lower than unity.
To illustrate the spatial distribution of high-T ex gas, we created maps of 13 CO J=1-0 emission by integrating the data with T ex ≥ T th , where T th is the threshold temperature. Figure 5 shows the distributions of high-T ex gas in the −14 km s −1 and +5 km s −1 clouds, with T th = 8 K and 7 K, respectively. High-T ex gas in the −14 km s −1 cloud spreads in its southern half, while a spot pinpoints the radio continuum peak in the Tornado head. This spot corresponds to MC1 in Sawada et al. (2011) . High-T ex gas in the +5 km s −1 cloud clearly surrounds the Tornado head. These results suggest that high-T ex gas is closely associated with the Tornado head, except for the southern half of the −14 km s −1 cloud, which might have a different cause for high excitations. clouds To investigate the properties of the two 13 CO clouds, we performed Virial analysis on both clouds. The LTE masses of the clouds, M LTE , were calculated by assuming that the gas temperature is 10 K , and the isotopic abundance ratio, [
12 CO]/[ 13 CO], is 60 (Langer & Penzias 1990) . The derived LTE masses of the −14 km s −1 and +5 km s −1 clouds are 3.0 × 10 5 M ⊙ and 5.5 × 10 4 M ⊙ , respectively.
On the other hand, the Virial mass, M VT , can be calculated as follows:
where R is the size scale of the cloud, σ v is the velocity dispersion, and G is the gravitational constant. The size scales, R, are calculated by using the assumption that the distance to the Tornado Nebula is 11.8 kpc (Frail et al. 1996; Sawada et al. 2011) , which are 40 pc and 10 pc for the −14 km s −1 cloud and +5 km s −1 cloud, respectively. The velocity dispersion, σ v , are 3.4 km s −1 and 4.8 km s −1 , respectively. The calculated M LTE and M VT are listed in Table 1 .
It is known that the ratio of M VT /M LTE can be used as a measure of the gravitational instability of a cloud (Solomon et al. 1987; Oka et al. 2001 ). The lower the ratio is, the more strongly the cloud is bounded. Our analysis shows that the ratio of the +5 km s −1 cloud is smaller than that of the −14 km s −1 cloud; that is, the former is more strongly bounded than the latter.
Interaction between the Tornado Nebula and the 13 CO clouds
From our observations and analyses, significant evidence for interaction between the Tornado Nebula and ambient molecular gas was obtained.
(1) Spatially extended OH 1720 MHz emission was detected in the two 13 CO clouds at same velocities; extended OH masers were often detected toward MCs interacting with Ctype shock (Yusef-Zadeh et al. 1999) . (2) Spatial anti-correlation between the Tornado and the two 13 CO clouds was found. This is clearly seen in Fig. 4b , where the curvature of the western edge of the +5 km s −1 cloud seems to be in good accordance with the eastern edge of the Tornado. In addition, the core of the Tornado (l, b) = (2
.07) is enclosed by a low-level 13 CO emission. (3) Slight enhancement in T ex in the area adjacent to or overlapped with the Tornado Nebula was found. These clearly indicate physical contact between the Tornado Nebula and the 13 CO clouds. The violent interaction suggests that the Tornado Nebula is expanding. This is consistent with the bipolar-jet driven scenario (e.g., Sawada et al. 2011) . The detection of GeV γ-ray from the vicinity of the +5 km s −1 cloud (Castro et al. 2013 ) lends another support for the violent interaction between the cloud and the Tornado Nebula, since several SN/MC interacting systems have been detected in γ-ray (Pollack 1985; Hewitt et al. 2009 ).
The interaction between the Tornado Nebula and the two 13 CO clouds also indicates the close association of these clouds. The velocity difference of ∼ 20 km s −1 between the clouds indicates that these might have collided or will collide within the crossing time, ∼ 10 6 years. Rough spatial anti-correlation between the two 13 CO clouds ( Fig. 2d and h) implies that the collision has occurred in the recent past. If the −14 km s −1 cloud is moving along the Galactic rotation, the motion of the +5 km s −1 cloud must deviate from that significantly. The −14 km s −1 cloud and the Tornado are most likely on the Sagittarius arm, while the +5 km s −1 cloud may be on an elongated orbit along with the Galactic bar. In fact, the location of the Tornado is in the vicinity of the far-side end of the Galactic bar, where the orbit intersection is expected.
Formation Scenario of the Tornado Nebula
Our observations and analyses are summarized as follows:
• Two molecular clouds, −14 km s −1 and +5 km s
clouds, are associated with the Tornado Nebula.
• The Tornado Nebula is interacting with both of the −14 km s −1 and +5 km s −1 clouds.
• The −14 km s −1 and +5 km s −1 clouds show a rough spatial anti-correlation, suggesting a physical contact. Taking these results and based on the bipolar jet model by Sawada et al. (2011) , we propose a formation scenario for the Tornado Nebula: cloud, generating a shock in both clouds.
2. A high-density layer behind the shock front in the −14 km s −1 cloud passes a massive compact object, which was assumed in Sawada et al. (2011) .
3. The Bondi-Hoyle-Lyttleton accretion activates the putative compact object, which thereby ejects a pair of bipolar jets.
4. The bipolar jets violently interact with the ambient molecular clouds, generating C-type shocks, and thereby form the Tornado Nebula and the twin plasma clumps. Figure 6 shows a schematic view of this scenario. The Virial analysis of the 13 CO clouds supports the notion that the gravitationally bound +5 km s −1 cloud plunged into the loosely bound −14 km s −1 cloud. The high-excitation area in the southern half of the −14 km s −1 cloud could be a remnant of the shock front. The shock velocity should be less than the velocity difference between colliding clouds, 20 km s −1 , which is in the range of a non-dissociative C-type shock (Wardle 1998; Lockett et al. 1999) . The mass accretion rate for the Bondi-Hoyle-Lyttleton (BHL) accretion,Ṁ HL , is related to the critical impact parameter, R HL = 2GM v 2 +σ 2 , and can be expressed aṡ
where M is the mass of a high-density object, ρ is the mass density of the ambient interstellar medium, v is the relative velocity, and σ is the velocity dispersion (Edgar 2004) . Assuming the standard accretion model onto a black hole, the BHL accretion with a time duration τ radiates
If a cloud with a density of n 0 (H 2 ) and a depth of l 0 is compressed to n(H 2 ) and l by the cloud-to-cloud collision, and the compressed layer passes the black hole with the velocity v, the radiated energy becomes
Thus the reasonable choice of parameters, n 0 (H 2 ) = 10 2 cm −3 , l 0 = 10 pc, v = 10 km s −1 , σ = 3 km s −1 , and the existence of a M ∼ 50 M ⊙ black hole account for the thermal energy of the twin clumps of plasma, E th = 1.6 × 10 50 erg (Sawada et al. 2011) . As illustrated in Figure 7 , the lower relative velocity decreases the black hole mass.
In order to confirm the above scenario, it is essential to find evidence for the cloud-to-cloud collision. For example, high-velocity wing emission, which bridges two molecular clouds with different velocities, was detected at the root of the pigtail molecular cloud (Matsumura et al. 2012) . Unfortunately, the 13 CO data suffer from absorption features caused by local gas at V LSR ∼ 0 km s −1 . Observations in shock probes could detect broad-velocity emissions that connect the −14 km s −1 and +5 km s −1
clouds. Bondi-Hoyle-Lyttleton accretion has been proposed for objects ranging from a young stellar object to an active galactic nucleus (Fromerth & Melia 2001; Throop & Bally 2008) . For example, Maeda et al. (2002) suggest that recent activity in the nucleus of our Galaxy could have been powered by the central black hole accreting material from an expanding supernova shock. Our scenario may add another example of this type of object. In addition, we hypothesized an inactive compact object according to Sawada et al. (2011) . Direct evidence for the putative compact object must be acquired by X-ray or radio continuum observations in the future. 
SUMMARY
We observed the Tornado Nebula in the J=1-0 lines of CO, 13 CO, and HCO + with the NRO 45-m telescope. These observations and the reanalysis of the VLA archive data lead to the following conclusions.
Extensive CO and
13 CO J=1-0 maps delineated the distribution and kinematics of molecular gas in the direction of the Tornado Nebula. HCO + J=1-0 line emission was detected only in some limited regions.
2. The bulk of molecular gas traced by 13 CO emission is mainly confined in two velocity components, the −14 km s −1 and the +5 km s −1 clouds. These 13 CO clouds show clear spatial anti-correlation, suggesting physical interaction. clouds are 6 × 10 5 M ⊙ and 1 × 10 5 M ⊙ , respectively. The lower Virial mass/LTE mass ratio in the +5 km s −1 cloud suggests that it is more tightly bound by self-gravity than the −14 km s −1 cloud. 5. Gas with higher excitation temperature prefers the head of the Tornado Nebula, and the southern periphery of the −14 km s −1 cloud. Spatial correlation between the higher-excitation gas and the Tornado Nebula head lends more support for the interaction, especially with the +5 km s −1 cloud.
6. Physical intimacy between the Tornado Nebula, the −14 km s −1 cloud, and the +5 km s −1 cloud suggests that these 13 CO clouds might contribute to the formation of the Tornado Nebula. We propose a formation scenario: (1) cloud-to-cloud collision generates a shock; (2) a high-density layer behind the shock passes a compact massive object; and (3) the Bondi-Hoyle-Lyttleton accretion onto the putative compact object activates it, ejecting bipolar jets to form the Tornado Nebula.
